Early visual areas are required for conscious visual perception, but recent evidence suggests that parts of the frontal lobe might also play a key role. However, it remains unclear whether frontal brain areas are involved in visual perception or merely use information from visual regions to drive behavior. One such frontal cortical area, the frontal-eye field (FEF), has been shown to have fast visual responses, thought to reflect mostly low-level visual processing, and delayed responses that correlate with perceptual reports. The latter observation is consistent with the idea that FEF uses visual information from (slower) visual regions to guide behavior. Here we ask whether fast visual responses in FEF also carry information related to the perceptual state of animals. We recorded single-cell activity in two monkeys trained to report the presence or absence of a visual target under conditions that evoke the illusory disappearance of the target (motion-induced blindness). We found that fast responses in FEF strongly correlated with the perceptual report of the animal. It is unlikely that short-latency perceptually correlated activity is inherited from early visual areas, since response latencies in FEF are shorter than those of visual areas with perceptually correlated activity. These results suggest that frontal brain areas are involved in generating the contents of visual perception.
Introduction
When a visual stimulus impinges upon the retina, a series of events ensue that may or may not lead to the conscious perception of the stimulus. Imaging and neurophysiological studies have shown that stimuli that evoke massive changes in brain activation across several brain regions may nevertheless remain unseen (Logothetis and Schall, 1989; Leopold and Logothetis, 1996; Lumer et al., 1998; Thompson and Schall, 1999; Donner et al., 2008; Libedinsky et al., 2009; Schölvinck and Rees, 2010) . Why some patterns of brain activity lead to conscious perception and others do not is not understood. One way to approach this question is to compare brain activity when a visual stimulus is perceived to when it is not perceived. Under normal viewing conditions, several posterior cortical areas in the occipital, temporal, and parietal lobes respond to specific attributes of visual stimuli; they are thus known as visual cortical areas (henceforth referred to as early visual areas). However, under special viewing conditions where the visual stimulus can be dissociated from the perceptual state (visual illusions), activity in some areas of visual cortex correlates with the stimulus being presented (generally early visual areas), while activity in other areas correlates with the perceptual state of the subject (generally later visual areas) (Logothetis and Schall, 1989; Leopold and Logothetis, 1996; Sheinberg and Logothetis, 1997; Lumer et al., 1998; Libedinsky et al., 2009) .
Areas in the frontal lobe of the brain are thought to receive and use perceptual information from various sensory areas to guide cognition and behavior. For example, the frontal-eye field (FEF) in the frontal lobe receives direct connections from extrastriate visual areas and in turn sends projections to oculomotor structures controlling eye movements (Schall, 2002) . The latency of this sensorimotor transformation can be as fast as 130 ms Schmolesky et al., 1998) . A population of FEF neurons respond to visual stimuli at latencies of Ͻ100 ms Pouget et al., 2005; Kirchner et al., 2009) . Previous studies using visual illusions have shown that these short latency visual responses in FEF correlate with the visual stimulus, albeit with a small bias predictive of perceptual state (Thompson and Schall, 1999) , whereas a second response, delayed by ϳ50 ms, correlates with the perceptual report regardless of the visual stimulus (Thompson and Schall, 2000) . It is unclear whether this late perceptually correlated activity originates in FEF or is conveyed to FEF by other cortical areas. Since activity in most visual areas precedes this late FEF response, including areas with perceptually correlated activity that project to FEF, it is likely that the late perceptually correlated activity observed in FEF is inherited from visual areas. If so, FEF would not be involved in generating the contents of visual perception, but only in receiving visual activity from visual areas and using it to guide behavior and cognition.
In the present study, we challenge this view by providing evidence that the early visual responses in FEF neurons also strongly correlate with perceptual state. Given the short latencies of these initial responses, it is unlikely that this perceptually correlated activity is inherited from early visual areas, suggesting that FEF may be causally involved in visual perception.
Materials and Methods
Behavioral methods. When a highly salient visual target is surrounded by moving objects in nonoverlapping close proximity, the target becomes intermittently invisible to the observer, even though it is physically continuously present. This phenomenon is known as motion-induced blindness (MIB) (Bonneh et al., 2001) .
Two male rhesus monkeys, Macaca mulatta, were trained in this MIB task. They were required to fixate on a small spot (0.5°) while reporting the appearance or disappearance of a target, located 7°to the left of the fixation spot, using a lever press. This target location was chosen to optimize the population response of the cells recorded in our chronic electrode array. The target, a yellow circle 0.3°in radius and a luminance of 111 cd/m 2 , was surrounded by mask that consisted of an array of 81 (9 ϫ 9) blue crosses with a luminance of 19.4 cd/m 2 forming a square of 10°ϫ 10°(supplemental Fig. S1 , available at www.jneurosci.org as supplemental material). Each trial lasted between 10 and 15 s, at the end of which a juice reward was given if the target transitions had been correctly reported within 1 s of each transition throughout the trial. Trials were aborted and a 3 s time-out period occurred if the animal broke fixation, failed to report a target transition, or reported the wrong transition in any trial. During recording sessions, in 70% of the trials the target was turned ON and OFF at a rate of 1.5-4.5 s. This eliminates illusory disappearances in humans. In 30% of the trials, monkeys were presented with a prolonged period of target ON (8 -10 s). In humans, this condition induces perceptual disappearances; i.e., MIB. Trial types were intermixed and not cued. During the prolonged target ON period, the monkey was required to maintain fixation but was not punished or rewarded for reporting changes in the target. If the monkeys reported a disappearance or reappearance of the target during this long target ON period, the trial was not aborted. We therefore refer to the transitions occurring during long target ON periods as illusory transitions, and transitions due to physical changes of the target as real transitions. The monkeys had no incentive to pull the lever during this period other than accurately reporting their perceptual state, since reward was only given at the end of the 15 s trial. All trials ended with the target disappearing and reappearing to ensure that the monkeys were faithfully reporting their perceptual state at the end of each trial.
Eye position was monitored with an infrared eye tracking system (ISCAN) at 250 Hz in both animals and smoothed with an adaptive median filter (seven frames). The spatial resolution of the eye tracker was not fine enough to detect microsaccades; however, we were able to reliably identify small eye-movements within the fixation window between 0.5 and 1 degree. Small eye-movements were detected using a velocity threshold set at four times the SD of the signal derived from the fixation period (Asaad et al., 2000) .
Recording methods. Recordings were made from the right hemisphere FEF of the two trained monkeys using 32 Pt/Ir electrodes implanted under the dura mater of each monkey. Each array (FMA; Microprobe) consisted of 16 electrodes (impedance, 0.5-1.5 M⍀); two arrays were implanted in the FEF of each monkey. FEF was identified by the cortical sulcal pattern during implantation surgery. The arrays were implanted in the anterior bank of the arcuate sulcus and their location in FEF was later verified using microstimulation to evoke eye movements. Biphasic pulse trains (100 ms in duration, pulse duration 200 s, 200 Hz) were delivered through each microelectrode. Sites where stimulation of 50 A or lower elicited eye movements at least 50% of the time, plus regions within 2-3 mm of these locations, were considered to be in FEF. All sites recorded and reported herein met these criteria. The electrode arrays were implanted in fully trained animals. The results reported here were collected within a period of 3-4 months after the electrodes were implanted. Recording sessions began between 2 and 3 weeks after the implantation. All cells reported here remained well isolated throughout the length of the recording session. Neural waveforms were stored, digitalized, and sorted offline using principal components (Plexon Systems).
Although the electrode arrays were permanently implanted, we did sometimes record units with distinctly different response properties from a single electrode during different recording sessions, suggesting that the electrodes gradually shifted position in the cortex. Therefore, we set a criterion to decide whether single units collected from the same electrode on different days corresponded to the same or different units. We used the response properties to target ON and OFF to categorize the activity from one electrode on different days as same or different. If the recordings from one electrode in two consecutive sessions showed a unit with a similar response profile, defined as the response properties to target ON, target OFF, and the shape of the response, then these units were considered as one cell in the analysis. Since response properties can change over time and two nearby cells can share the same response properties, this method is prone to error. But even if a small percentage of cells were assumed to be one cell when they were actually different, the overall conclusions would not be affected, although the total number of units reported would be larger.
Data analysis. For each single unit, activity was smoothed using a 40 ms boxcar filter and the average firing rate and SD were calculated for the period between 2 and 1 s preceding lever presses. A peristimulus time histogram (PSTH) was calculated for real and illusory transitions. If the PSTH showed an increase or decrease in firing rate in the period between 700 and 200 ms before lever press that was larger or smaller than 3 SDs from the mean firing rate, the unit was considered to have a significant modulation. Response latencies for individual cells to stimulus ON and OFF were calculated as the point in time when activity exceeded 2 SDs from the mean after target onset or offset.
For the population analysis, we computed a running firing rate using a 200 ms window on the unfiltered data. Then the average pre-lever press histogram was calculated and smoothed with a 3 ms Gaussian filter. All cells with same sign response profile (significant increase or decrease with respect to baseline) were averaged together to obtain the overall population average.
To calculate the modulation indices for each cell, we generated a distribution of firing rates preceding 10,000 randomly chosen lever press times from all trials (between 700 and 200 ms before lever press), excluding 1 s before and after real target transitions. Then a receiver operating characteristic (ROC) curve was created with the distribution of random target transitions versus the distribution of real target transitions. The ROC curve plots the probability for every possible firing rate (maximum firing rate normalized to 1) that the response came from the random versus the real distribution (Green and Swets, 1966) . If the two distributions are the same for every possible firing rate, the probability of random versus real will be 0.5, so the ROC curve will be a diagonal. The modulation index is the area under the curve, which provides an estimate of the separation of the real and random distributions. An index of 0.5 indicates that the two distributions are not different, whereas an index larger than 0.5 indicates that the distribution of firing rates preceding real lever presses is larger than expected by chance, and an index smaller than 0.5 indicates that the distribution of firing rates preceding real lever presses is smaller than expected by chance. Significance of the indices was calculated using bootstrap analysis to extract 1000 random groups of lever presses, each containing the same number of lever presses as the number of illusory transitions in a given recording session. An index was considered significant if the value was larger or smaller than 95% of the random sample indices.
Results
Great care was taken to ensure that the monkeys faithfully reported their perceptual state (Leopold et al., 2003) . Random lever presses were discouraged by rewarding the monkeys for accuracy and not number of presses. To evaluate the effects of stimulus manipulation on the rate of disappearance, we tested the effect of changing mask speed and target size on the rate of disappearance in separate behavioral sessions. Each monkey underwent five behavioral sessions where mask speed and target size were manipulated. Two mask speeds (0.12 and 0.25 revolutions per second) and two target sizes (0.6 ϫ 0.6°and 0.8 ϫ 0.8°) were tested. The monkeys' psychophysical performance followed the same trends as that of human observers. Human observers report more frequent target disappearances for faster moving distracters or smaller targets (Bonneh et al., 2001) ; monkeys reported likewise (Fig. 1 A; supplemental Table S1 , available at www.jneurosci.org as supplemental material). While performing the task, monkeys were required to respond in a time window between 150 ms and 1000 ms after the target transition. If their response was too fast or too slow, the trial was aborted. Within these temporal bounds, reaction times ranged between 270 ms to 980 ms, with mean reaction times for target ON of 614 ms (monkey 1, 683 ms; monkey 2, 545 ms) and target OFF of 491 ms (monkey 1, 460 ms; monkey 2, 522 ms).
In addition, eye movements in humans have an effect on illusory transitions, with a lower frequency of microsaccades preceding illusory disappearances compared with illusory reappearances (Hsieh and Tse, 2009) . Similarly, we found that the monkeys showed a lower frequency of small eye movements before illusory disappearances compared with illusory reappearances (Fig. 1B) .
We recorded from 220 single units in FEF of two monkeys while they reported the appearance and disappearance of a target surrounded by moving blue crosses. The results from the two monkeys were virtually identical; therefore they were combined for analysis. We measured the mean and SD of the firing rate for the interval 2 to 1 s preceding the lever press and, using this measurement as an indication of baseline activity (real and illusory combined), calculated the number of cells where activity in response to real transitions exceeded 3 SDs from the mean in the period between 700 and 200 ms before lever press. One hundred and eighty-nine single units showed significant responses time locked to lever presses in response to either the real onset or the real offset of a visual target. The responses could be either an increase or a decrease in the firing rate and could be elicited by either target onset, offset, or both (Sato and Schall, 2001) . Response latencies to real target transitions for cells that increased their firing rate after stimulus onset or offset were 73 ms for stimulus onset (n ϭ 137; range, 38 -122) and 70 ms for stimulus offset (n ϭ 47; range, 31-137). Since some of the cells recorded also showed an increase in activity that was time locked to the lever press, all analyses presented here were done on activity preceding the lever press by at least 200 ms. Furthermore, analyses were conducted only on trials where no small eye movements or blinks occurred in the period between 700 and 200 ms preceding lever press. To compare real and illusory transitions, we first looked at disappearances only, given that the stimulus preceding both real and illusory disappearances is identical (target present), whereas the stimulus preceding real and illusory appearances is different (target absent for real and present for illusory). Of the 189 cells with significant responses to real target transitions (that is, cells whose receptive field overlapped the target), 85 were target-off responsive, with activity modulation to real target disappearances; 67 of these 85 cells (79%) also showed a significant modulation of activity preceding reports of illusory disappearances (Fig.  2) . Furthermore, the sign of the response to the illusory transitions was always in the same direction as for real transitions; in other words, if a cell increased its firing rate in response to a real target disappearance, it also increased its firing rate before the monkey's report of an illusory disappearance.
Population averages of all the units with the same sign of responses to real target transitions showed that activity preceding lever presses to illusory transitions was remarkably similar to the activity preceding real transitions in direction, magnitude, and timing (Fig. 3) . Thompson and Schall (2000) reported that late responses in FEF, which start ϳ50 ms after the initial response and slowly increase over hundreds of milliseconds, correlate well with perceptual report of monkeys during backward masking (Thompson and Schall, 2000) . We cannot measure directly the latency for the illusory transition activity, since there is no real visual stimulus transition, but we can directly compare the timing of the illusory and real activities, and we can measure the response latencies to the real transitions. If the activations we observe here that precede illusory transitions correspond to the late activations reported by Thompson and Schall (2000) , we would expect the peak activations preceding illusory transitions to occur later than the peak activations that precede real transitions. To test whether a delay in neuronal responses before illusory reports would elicit observable changes in these average plots, we performed the same analysis on modeled data from an artificial spiking model while manipulating different parameters to mimic possible delayed response scenarios. We focused on cells that increased their activity in response to the onset of the target (Fig.  3, top left) . We first generated 137 artificial cells by randomly assigning spikes in a 3 s time window. We then added the response to the target onset in each model cell. After defining a point in time when the target comes on in the model, we chose for each cell a response latency (a random time between 50 and 150 ms, parameters extracted from our recorded cells), after which an increase in firing rate occurs, where a target firing rate was chosen randomly (from 2-to 50-fold increase) and spikes were added to match the target firing rate within an interval between the chosen latency and a latter point in time. This interval defines the response duration (between 10 and 100 ms). After this step we had 137 model cells, each with a different baseline firing rate, different increases in response to a target, different response latencies, and different response durations to the target, all mimicking the cells we recorded. To generate preresponse histograms (as in Fig. 3) , we selected reaction times from the distribution of real reaction times (between 250 and 850 ms) and averaged the responses of all 137 cells aligned to response time. To illustrate the fit of the model, we compared neuronal activity preceding lever ON behavioral responses for both real and model activity (supplemental Fig. S2 , available at www.jneurosci.org as supplemental material). We then manipulated the timing of the model cells' responses, showing that delays as small as 50 ms are evident in the population response times (supplemental Fig. S3 , available at www.jneurosci.org as supplemental material). We observe that the peak activations for both real and illusory transitions overlap (on average, the peak activation for illusory transitions preceded that of real transitions by 34 ms) (Fig. 3) . Since the latencies for real target transitions were ϳ70 ms, the similarity in time course between illusory and real responses, when aligned to lever press, suggests that the illusory responses must also occur quite early in the process of perceiving an illusory transition.
To compare the illusory and real transition responses to both target appearances and disappearances, we used an ROC analysis to calculate a modulation index for each cell; this allowed us to quantify the correlation between the physical stimulus and perceptual state (see Materials and Methods). Figure 4 shows the modulation indices for real versus illusory transitions for all 189 cells with significant visual responses to real target transitions. Changes in activity preceding reports of illusory transitions were strongly correlated with changes in activity preceding reports of real transitions (r 2 ϭ 0.7), indicating that the degree and direction of firing rate modulation in these cells was the same for illusory transitions as for real transitions. Since recordings were made from implanted electrode arrays and single-unit activity from different recording sessions were pooled together, we were interested to see whether the pattern observed in Figure 4 would hold in individual recording sessions. Supplemental Figure S4 (available at www.jneurosci.org as supplemental material) shows that it does, so the distribution observed in Figure 4 is not an artifact of the recording methods. Activity in the FEF is correlated with intentional eye movements (Schall, 2002) . Our task required monkeys to maintain fixation within a window; however, small saccades could occur within this window. To avoid eye-movement effects on FEF activity, we only analyzed trials where no measurable eye movements or blinks preceded lever presses. However, we also considered the possibility that the activity changes observed were the product of motor preparation to make a saccade to the target. Previous studies have shown that a correlation exists between electrically evoked saccades and the optimal saccade for eliciting presaccadic neural activity, but not postsaccadic activity . We explored the possibility that the selectivity indices calculated in the ROC analysis might be related to the distance between electrically induced saccade location and target location. We observed no relationship between electrically evoked saccades and ROC values in the subset of neurons analyzed (supplemental Fig. S5 , available at www.jneurosci.org as supplemental material). To explore the relationship between perisaccadic activity and visual response properties, a subset of cells were categorized as having presaccadic, postsaccadic, or no-saccadic activity using a task where monkeys had to saccade to a stable visual target. We saw no correlation between ROC values and presaccadic, postsaccadic, or no-saccade related activity (supplemental Fig. S6 , available at www. jneurosci.org as supplemental material). Thus, the activity changes observed are unlikely to be the result of the generation of small eye movements or motor preparation to saccade to the target.
Discussion
At present, we can only speculate on the source of neuronal activity preceding illusory target transition reports. They could reflect a signal coming from other prefrontal cortical areas (Lumer et al., 1998) , they could be the product of a faulty readout of the activity coming from early visual areas (Libedinsky et al., 2009 ), or they could be inherited from visual areas that project to FEF and that already correlate with perceptual state. With regard to this last possibility, one source of fast visual input to FEF is V1 to MT to FEF (Maunsell and van Essen, 1983) . We have previously shown that activity in V1 does not correlate with perception during MIB but is reduced by MIB background motion (Libedinsky et al., 2009 ). Therefore, it is possible that activity in area MT correlates with perceptual detection of the target and relays this information to FEF. Previous studies have looked at the role of MT in visual discrimination of motion, but its role in perceptual detection remains unexplored (Bradley et al., 1998; Dodd et al., 2001; Grunewald et al., 2002; Schall, 2002; Williams et al., 2003) .
FEF has traditionally been considered to be involved in the generation of purposive saccadic eye movements (Schall, 2002) . We provide evidence that activity changes observed during illusory transitions cannot be explained by saccade generation or planning. More recently, it has been suggested that FEF plays an important role in the deployment of top-down attention (Armstrong et al., 2006; Gregoriou et al., 2009 ). The task used in this study required constant attention to the location of the target and we only analyzed trials where no eye movements occurred before the report of an illusory disappearance, because eye movements might reflect changes in covert attention (Martinez-Conde et al., 2009 ). Therefore, the activity changes observed before illusory transitions cannot easily be explained by changes in top-down attention either.
Only two studies have looked directly at the link between single-cell activity in FEF and visual perception. Thompson and Schall (1999) , using a backward-masking paradigm, showed that FEF neurons show early responses to both detected and undetected targets and a more delayed response only to detected targets and false alarms (Thompson and Schall, 2000) . They found that initial responses to detected targets are slightly stronger (1-2 spikes per trial) than to undetected targets (Thompson and Schall, 2000) . In other words, they saw a weak correlation between early FEF activity and the reports of the subjects, which seems at odds with our finding of a strong correlation between early FEF activity and perceptual report, with average activity preceding reports of illusory transitions being more than half the magnitude of responses to real transitions (Fig.  3) . We believe that the differences between the two tasks, backwardmasking and MIB, can explain these differences. In contrast to backward masking, which produces near-threshold perception, MIB produces a strong and clear perceptual dichotomy. Furthermore, in our experimental design, behavioral responses were not prompted (they were self-motivated), whereas during the backward-masking task, responses were prompted by the experimenter in a twoalternative, forced-choice task. The perceptual report is bimodal during both tasks. Perceptual experience is not bimodal in the backward-masking task, but it is close to bimodal in the MIB task. Therefore, during backward-masking, small differences in perception and decision criterion become amplified in reporting by a twoalternative forced choice. Therefore, even if FEF activity is strongly related to the perceptual state of the subject, as we propose, we would nevertheless expect a weak correlation between the initial neural response and perceptual report during backward masking, as Schall (1999, 2000) found.
Functional imaging studies have shown that early visual areas (V1, V2, V4, and MT) activate in association with illusory disappearances during MIB (Donner et al., 2008; Schölvinck et al., 2009 ). More specifically, these studies show neural signatures associated exclusively with illusory disappearances but not present in real ones. Since we found no difference in FEF activations between illusory and real disappearances, our results suggest that FEF is not the source of these illusory-specific disappearance activations and, likewise, that these illusory-specific disappearance activations cannot be the source of the activations we observed in FEF.
The neuronal mechanisms that lead to a percept during normal viewing must be somehow different from those that lead to the same percept during ambiguous viewing, i.e., MIB or binocular rivalry (Logothetis and Schall, 1989; Leopold and Logothetis, 1996; Sheinberg and Logothetis, 1997; Libedinsky et al., 2009; Lumer et al., 1998) . However, it is assumed that both mechanisms converge at a certain point and then follow the same path to perception and action. This point of convergence and subsequent steps are candidates to form part of the neuronal correlates of perception (Koch, 2004) . In the present study, we have identified FEF as an area with quite early activity that correlates with perceptual state, thus making FEF a potential point of such a convergence. Furthermore, it is possible that other areas with activities that correlate with perceptual state are subject to direct or indirect influence from FEF. For example, Logothetis and colleagues, using binocular rivalry, have shown that activity in early visual areas correlates mostly with visual stimulus, whereas activity in late visual areas correlates mostly with perceptual report (Logothetis and Schall, 1989; Leopold and Logothetis, 1996; Sheinberg and Logothetis, 1997) . In light of our results, we could interpret the results obtained by Logothetis and colleagues as a consequence of the influence of FEF over visual areas. This interpretation fits well with the observation that higher visual areas (such as IT) show higher correlation with perception than lower visual areas (such as V4 or V1) do, since higher visual areas receive stronger projections from FEF than lower visual areas (Stanton et al., 1995) . Future research could address this possibility.
As previously mentioned, FEF is involved in the control of voluntary eye movements (Schall, 2002) . Others have shown that microstimulation in FEF can be perceived (Murphey and Maunsell, 2008) without directly examining the role of FEF in visual perception. We now provide evidence that early firing in FEF correlates with visual perception. Notably, visual perception fades in the absence of eye movements (Ditchburn and Ginsborg, 1952; Riggs et al., 1953) and the main source of visual change in monkeys and humans are eye movements. We suggest that this convergence of visual and oculomotor roles of FEF is not a coincidence. Whether this relationship holds in other sensory modalities could offer a clue about fundamental principles of sensory perception (O'Regan and Noë, 2001 ).
